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S1. Experimental

S1.1. Preparation and functionalization of nanocellulose samples
Céllulose nanofibers (NC-OH)

The nanofibrillated cellulose was prepared fromamnedried softwood sulphite pulp (Nordic
Paper, Seffle AB, Saffle, Sweden; the degree o¥melization of cellulose was 1200, the
cellulose content was approximately 86 %, the ieshainly hemicelluloses and lignin) using
enzymatic procedure developed by Henriksson & &lubsequently, pre-treated fibres were
disintegrated by a homogenization process usingceoftuidizer M-110EH (Microfluidics Inc.,
USA) for three passes through bigger chambers (@nof 400 and 200m), and five passes
through small chambers (diameter of 200 and @@). A suspension of approximately 2 wt% of
NC-OH was obtained. The surface charge of averahesk measurements resulted in 9.9
pmol/g determined by polyelectrolyte titration wth0.001 N polydiallyl dimethyl ammonium
chloride solution.

Bacterial cellulose nanocrystals (BNC-SO3H)

Coconut gel cubes (ca. 1x1x1 ¥rChaokoh, Thailand) were washed three times withm2 of

deionized water and stirred in 2 diof a 0.1M sodium hydroxide solution for 48 hounslahen



washed with deionized water until the pH stabilizgdaround 7. 100 g of bacterial cellulose
cubes were hydrolyzed by approximately 40% sulfagal at 80°C for 4 h. The reaction was
guenched by dilution with 10-fold amount of deicdzwater and the resulting suspension was
washed two times by centrifugation with deionizedtav. The precipitant was collected and
dialyzed against deionized water using Sigma Akldrittalysis membranes with a molecular
weight cut off of ~14000 for 5—7 days. After the lgsis the suspension was sonicated for 10
min with an output of 70% (Vibra-Cell VC 750, So$jidJSA), using a 13 mm wide titanium
probe, followed by centrifugation for 60 min at 0RCF to remove the titanium nanoparticles
introduced. The surface charge of the systemsdessmined by polyelectrolyte titration using
a Stabino Particle Charge Mapping system (Microtiewrope GmbH, Germany). The
dispersions were dispersed in MilliQ water and thgated with a 0.001 N polydiallyl dimethyl
ammonium chloride solution. Every titration waseafed at least 3 times and the average value

resulted in 0.03 mmol/g.
Cellulose nanocrystals (NC-COOH)

The cellulose nanocrystal (NC-COOH) were prepargchydrochloric acid hydrolysis of the
TEMPO-oxidized cellulose nanofibers (CNF-COOH) adaeg to Salajkova et & 100 g of
CNF-COOH gel (1 g dry weight of cellulose) was e@iged in 316 mL deionized water and
stirred over night. Hydrochloric acid was addeddach a final concentration of 2.5M and the
mixture was heated to 100°C for 6 h. The reactias guenched by dilution with 5-fold amount
of deionized water. The resulting suspension washe@ by centrifugation twice with deionized
water. The precipitant was collected and dialyzgairsst deionized water using Sigma Aldrich
dialysis membranes with a molecular weight cutadff-14000 for 5 days. After the dialysis the
suspension was sonicated for 10 min with an outp@0% (Vibra-Cell VC 750, Sonics, USA),
using a 13 mm wide titanium probe. The suspensias @entrifuged (60 min at 4020 RCF) in
order to remove the introduced titanium particled eemaining aggregates. The surface charge
of the systems was determined by polyelectrolytiation using a Stabino Particle Charge
Mapping system (Microtrac Europe GmbH, Germany)k d@tspersions were dispersed in MilliQ
water, adjusted to pH 10 and then titrated with.@0D N polydiallyl dimethyl ammonium
chloride solution. Every titration was repeatedeaist 3 times and the average value resulted in
0.4 mmol/g.



S1-2 Coating of NCson the surface

Deposition of NCs on the silicon wafer substrates ywarformed using the drop casting method.
Nanocellulose dispersions used for the experim@ate shaken and sonicated for 15 min before
usage. Silicon wafers were selected as substrat#able for deposition of the layered
composites. The substrates were washed with foifereint solvents: toluene, acetone, iso-
propanol and ethanol in the order from the lowestttte highest polarity. Si wafers were
immersed in each solvent, sonicated for 5 min dreh tdried. Next, 100 pl of the desired
nanocellulose dispersion was aspirated with a f@pahd deposited on the surface of the Si
wafer. Si wafers were then dried in the vacuum cate#i0 °C and 50% relative humidity for ca.

2 h or until all solvent evaporated.
S1-3 Stability of various nanocellulose films under mineralization conditions

As the gas mineralization assay is based on ddffusi ammonia and carbon dioxide released
during decomposition of ammonium carbonate, testhg stability of NC films in calcium
chloride solution before and after addition of anmmaas crucial to ensure the attachment of the
initial layer to the substrate before a free-stagdayered composite can be obtained. Therefore,
the stability of different nanocellulose films pegpd by drop-casting method was examined by
immersing the films in 10 ml of 20 mM calcium chibe solution (pH 7.25). This was followed
by testing the film stability under basic conditsoby adding 50 pl of concentrated ammonia to
the calcium chloride solution. The treatments a films were performed for one day. After
each step, the films were analyzed with transmmssil-IR. Three different types of
nanocellulose films were chosen for this test;uteie nanocrystals functionalized with carboxyl
groups (NC-COOH), bacterial nanocellulose functimea with sulfonate groups (BNC-3B)

and cellulose nanofibrils carrying OH functions ({0E). The results suggest that all of the
films are still stable after treatment with calciwimoride and there are no significant changes in
terms of band intensities in the FT-IR spectraemtéid in transmission mode (Fig. S2). The only
exception was a shift in the position of the cagdokand (1718 ci) towards lower
wavenumbers in the NC functionalized with carbayydups, which may be related to chelation

of calcium by carboxyl groups.



Addition of concentrated ammonia and treatmenthef films under basic conditions did not
affect the NC-OH and NC-COOH film stability, howeyeBNC-SQH films completely
detached from the substrate. FT-IR analysis of BNE-SGH film deposited on a Si wafer
substrate shows weak bands where the residual B&Cdetected after treatment with ammonia
indicating that majority of the film was washed gw&ig. S-2(c)). Hence we used NC-OH and
NC-COOH as the organic components of the multilegdiims for the preparation of the nacre

mimics.

S1-4 Gas diffusion mineralization assay

We used the gas diffusion method for the minertibmneof the nanocellulose films with calcium
carbonate. To that end as well as for investigatbnvettability by the PILP precursors, we
prepared 10 ml of four solutions in 20 ml vialsvitnich the nanocellulose films were placed
face-up at the bottom. Further details and comjowsdf the solutions are summarized in table 1.
All of the vials were covered with parafilm andiagte pinhole was pierced in the parafilms for
diffusion of the gas. Ca. 10 g of ammonium carbeneds placed at the bottom of a 20 ml vial in
the lower compartment of a desiccator. The vialthwie nanocellulose films immersed in
different solutions were placed on the ceramiceplatthe upper desiccator compartment. The
dissector was then sealed with a round-glass rignigecubated at 25 + 1 °C. Dramatic deviation
from this temperature will influence the decompositrate of ammonium carbonate and
consequently diffusion rate of ammonia and henceeha significant effect on the

mineralization.

S1-5 Further mineralizations

After the first mineralization, two more layers wearoated on top of the mineralized layer. Note
that homogeneity of mineralized film is essent@ &chieving smooth layers. Therefore, it is
important to choose the film with right thicknessveell as appropriate mineralization condition.
The second further layers are dependent on therfiirseralized layer. In the absence of ¥lg
the first layer is NC-OH which was mineralized aheén, NC-COOH as a second layer and
another NC-OH layer as the third layer was coatedop of mineralized NC-OH. Then, the

same process was performed for subsequent mirerahzof the prepared films.



S2. Analyses
S2-1 SEM analysis

The SEM images of layered nacre mimic structureseveequired with the FESEM Auriga
Crossbeam (Carl Zeiss Microscopy GmbH, Oberkocli#zgrmany) equipped with a Silicone
Drift Detector Oxford X-Max 20mm?2 (Oxford Instrumisnplc, Abingdon, England). Samples
were embedded in Epo Fix resin it (including reaimd hardener) prior to cross-section SEM
imaging. For each sample, ca. 10 g resin and 2dghar were mixed for ca. 2 min and then the
mixture was aspirated with a pipette and deposibedtop of the sample. After 12 h
polymerization time, the sample was cut in a hathva razor blade and fixed on a stub with
carbon tape. X-ray mapping was processed with @Al 4.15 software (Oxford Instruments
plc, Abingdon, England).

The microscopy analyses of the effects of differdametic reaction parameters on the

nanocellulose films were mostly performed usingldd-top TM3000 Hitachi microscope.
S2-2 FT-IR analysis

Fourier transform ATR (Attenuated Total Reflectiomfrared (ATR/FT-IR) spectra and
transmission FT-IR spectra were recorded with akiREimer spectrum 100 spectrometer
equipped with a diamond crystal based ATR acces3twy infrared spectra were recorded in the
spectral range of 4500-650 ¢rwith a resolution of 0.5 crh

S2-3 Thermogravimetric analysis (TGA)

TGA measurements were performed using a simultandbermal analyzer instrument,
NETZSCH STA 449 F3upiter® under oxygen atmosphere with a heating rate ofCIfin.
According to the manufacturer's specifications, wWesght accuracy of this machine is 0.1 pg
over the entire weighing range with a drift smalsan 5 pg/h.The calibrations were
accomplished utilizing the calibration kit from tlaecessories of the instrument whereas the
actual crucible of the measurements was used. émuntire, the TGA traces were corrected by
curves obtained by placing the empty crucible i@ #ample holder and heating in the same
manner as during the actual measurements. Thesetons were performed in order to exclude

baseline artifactsThe TGA measurements of the nacre mimics were padd by placing ca. 10



mg of the dried and neat sample in the cruciblelaating the sample in the range of 25-900°C

(reference and correction as outlined above).
S2-4 Microtome sectioning and TEM analysis

Samples embedded in Epofix resin were cut into $lections at room temperature using a Leica
Microtome UC6 equipped with a diamond knife. Thengmission electron microscopy (TEM)
measurements were performed using an In-column OME&r microscope (Zeiss Libra 120)
at 120 kV, which has a point resolution of 0.34 mmorder to inhibit samples to be burned due
to irradiation, several tests were performed td fime optimum illumination angle, the optimum
size of objective aperture was found to be 1304180 However, due to intrinsic characteristics
of nanocellulose and CaG@hin sections, which are not stable under illurhiora of electron
beam, most of analysed samples showed patrtialioietieon. The thin cut samples were placed
on 400 mesh copper grids coated with carbon.

S2-5 Confocal Microscopy

Samples were incubated in 10 pg/ml Calcofluor WK@&V, Sigma-Aldrich) and 50% ethanol
for 6 h. The unbound dye was removed by washingdmeple 3 times with 10 ml 50% ethanol
followed by an overnight incubation in 50% ethatmlremove any residual dye. CW targpts
1,3- andp 1,4- linkages and was used for labelling the natwlose (NC-COOH and NC-OH)
prior to Confocal Laser Scanning Microscopy (CLSNineral component of the composite
was imaged with reflected light. CLSM images werguared with a Zeiss LSM 880 microscope
usingA=405 nm excitation with a diode laser for both CWd aeflectance. CW emission was
collected between=436-493 nm. Reflected light was collected usingBS T80/R20filter set
and the reflection mode switched on, with the bewdth betweeri=401-411 nm. Images for
the Z-stacks were collected at 1 um intervals ass@mbled into a 3D representation using the
ZEN Software (Carl Zeiss).

S2-6 M echanical properties analyses

The indentations were carried out using a nanoiteletP from MTS, in the load control mode,
maximum applied force of 5 mN, and using a Berkbypgramidal-shaped tip. The hardness and
“reduced Young’'s modulus” were calculated using thethod of Oliver and Pharr. The

indentation energies were calculated from the a@eaksed between the unloading segment and



the displacement axis (elastic energy,) dnd between the loading segments and displacement
axis (total energy, which is: 4+ Uy, where U is the plastic energy). Note that the “reduced
Young’'s modulus” takes into account the elastipldisement that occurs in both, the sample
and the indenter:

1 1-vh 1-vf (1)

+
Er Em Ei

where subindexes andi refer to the material and the indenter, respelgtiad v is the
Poisson’s ratio. For diamond,= 0.07 and E= 1140 GPa. In practice, the values pa&d E,
are close to each other. Since we do not knowxhetevalue of the Poisson'’s ratio for the

samples, it is better to report the values of&her than k.

Since the samples were relatively thin, a maximoadlof 5 mN was used for all measurements.
In this way, one can ensure that the maximum patetr during nanoindentation is below 1P10
the overall thickness of the films. This is consétkas a rule of thumb to avoid the influence
from the substrate on the obtained results. Fas8tal purposes, on average, approximately 25

indentations were performed per sample.

The nacre sampleH@liotis laevigata) was cleaved and the inner part which was not petish
was chosen for nanoindentation measurements. Tin@lsavas then indented on top, after
polishing it up to 4000 grit SiC abrasive papemgsihe same conditions as for the nacre-like
material (Rax =5 mN). In this case, larger Hardness and Youngigulus values were obtained
in agreement with some reports in the literattirelowever, other studies reported much lower
Young's modulus and Hardness values than the osareed in this repolt. This observation

is due to differences in species, the origin, ai a® the specific conditions under which the
nanoindentation analysis was perfornféd.



S3 Discussions

S3-1 Analyses of wettability of PILP precursors
S3-1-1 Wettability of nanocellulose filmsin the absence of Mg*?

In order to be able to construct a structure irgplyy nacre, which consists of layers of minerals
separated by layers of organics, it is crucial awehfilms of nanocellulose, which have distinct
wettabilities for calcium carbonate PILPs in diffiece conditions. In fact, Mg can tune the
wettability of calcium carbonate precursors depegdin the functional groups of respective
fiber!®! In order to characterize the wettability of NC-ORdaNC-COOH films, mineralization
experiments were performed in the presence anchedsef Md* and mineralized films after
each mineralization were analyzed. Fig. S3 shows3EM images of NC-OH and NC-COOH
films before and after mineralization. As it can been, after mineralization, Cag@ith
different morphologies exists in both samples. Carmg the morphology of NC-OH fibers
before mineralization (Fig. S3(a)) and after miheation (Fig. S3(e)), it seems that the
nanocellulose fibers after minerlization are mar@sth, due to the mineralization of the fibers.
This is consistent with the BSE-SEM image of thengle@ showing different contrast of the
layers where unmineralized NC-COOH layers are ddfkig. S10). While micron-sized CaGO
particles exist also on NC-COOH film, the way thia¢se particles precipitate on the film is
similar to interaction of oil on a hydrophilic sade, where the oil droplets tend to aggregate to
form larger and more bulky spherical particles amdid contact with the surface. Therefore, it
can be concluded that NC-COOH fibers cannot beedeitith CaCQ precursors and cannot be
mineralized in the absence of MgThe efforts for elemental mappings of mineralideid films
caused the sample to be burned, which made it isiiglesto unambiguously characterize the
composition of the films (data not shown). Chandimg kinetics of the mineralization opens up
the possibility to investigate the wettability peegnce of the different types of nanocellulose in
more detail. SEM images of samples, which were malimed for a shorter time, also confirm the
low tendency of NC-COOH to CaG@recursors in the absence of M¢Fig. S4). Even after
12h of mineralization without Mg, CaCQ covers the entire NC-OH surface and there is parel
any uncovered area. However, the back-scattereddr@be SEM image shows mostly a dark
contrast coming from soft materials meaning that@®@OH film after mineralization hardly
contains any CaC To support the obtained results with spectrosctghniques, ATR/FT-IR



analysis was performed. FT-IR analyses of minezdligamples in different time intervals are
summarized in Fig. S5. Although it is not possitdedraw any conclusion about interactions
between the nanocellulose fibers and Ca®@sed on the FT-IR spectra, due to the limited
penetration depth of the IR beam, the coverag&efd by calcium carbonate becomes evident.
It can be seen that the ATR spectra of minerald€dOH at all times do not show any organic
bands indicating that the fibers are completelyeced with CaC@ while ATR spectra of NC-
COOH films at the same time, exhibit strong orgariirations at around 1050 émThis band
comes from the nanocellulose fibers, which areemtitely covered with CaCO

S3-1-2 Wettability of nanocellulose filmsin the presence of Mg

In order to elucidate the wettability of nanocedsg films in the presence of FKig
mineralizations were performed under different ¢bos, and again the mineralized films were
analyzed. Fig. S14 shows the SEM images of mireg@dINC-OH and NC-COOH films in the
presence of Mg. Mg?* can stabilize amorphous calcium carbonate (ACQ) taerefore, the
obtained films are in fact nanocellulos-ACC hybridibe obtained hybrid films, however, show
a different mineralization pattern than without magium. As it can be seen from Fig. S14, the
mineralized NC-COOH film shows a complete coveragfh ACC, while SEM images of NC-
OH films after mineralization show plenty &ibers, which are still naked especially in the
zoomed-in view (Fig. S14 (d)). However, the difiece in wettability of NC-OH and NC-COOH
in the presence of magnesium is even more prondufocemineralizations performed for three
days. As it can be seen from Fig.S15(a), the miizexh NC-OH film shows huge cracks and
even some parts are peeled off from the surface.réason might be due to uncovered fibers
after three days, which makes the film detache& dlemental mapping by EDX (Fig. S15 (e))
on one of these cracks shows that there is ontaae tof residual carbon on the silicon wafer,
meaning that most of organics are detached. Thi®tighe case, though, for NC-COOH films
after mineralization under the same conditions. iAgan be seen from Fig. S15 (b), the
mineralized film keeps its integrity even after emalization for three days indicating the

covered fibers with CaC{are stabilizing the film.
S3-2 Effect of thickness on mineralization of CaCO3 into nanocellulose films

The effect of thickness of the obtained films befonineralization on the homogeneity of
obtained CaCofilms was investigated. Fig. S6 shows focusedkdeam (FIB) cutting analyses



of NC-OH thin films, which were prepared from NC-OHispersions with different
concentrations. The results show consistent cdiveks between the concentration of the
dispersions and the obtained film thickness, whitdans that for instance by decreasing the
concentration by a factor two, the thickness is discreased by a factor two. The dispersions of
NC-OH in water are colloidally stable for a few h®un the concentration range of ca. 0.03-0.3
wt. % due to lack of electrostatic interactionswesn the nanocellulose fibers. Therefore, before
drop casting of the nanocellulose dispersions, as \8hacked and sonicated for ca. 15 min.
However, the NC-COOH is colloidally stable for langtimes in almost the whole range of
concentrations. As the homogeneity of the obtaifieds via drop casting correlates with
stability of colloidal dispersions, the control owbe colloidal dispersions enabled us to obtain

smooth films.

The effects of the film thickness of unmineralizednocellulose films for the outcome of
mineralization were also investigated. For thispmge, nanocellulose films with different
thickness were prepared, and were mineralized at denditions (with and without M§).
Afterwards, the mineralized films were analyzedarder to illustrate the influence of the
thickness of unmineralized thin films on the mirdieaion outcome. Fig. S7 shows the
morphology of mineralized NC-OH films with thickrees before mineralization of ca. 2.5 um
(from 0.29 wt %), and ca. 410 nm (from 0.055 wt %)e mineralized NC-OH film with lower
thickness shows a nearly homogenous coverage ofO¢a&ll over the film, while only
disintegrated spherical particles can be seen enttittker film. This observation might be
explained by an infiltration problem of liquid presors due to a different packing of fibers in
thicker films. In this case, there is no room amdifor infiltration of CaC@into the whole film,
and only the surface of the films was wetted withCCy. Fig. S8 shows a matrix of different
conditions, which are required to obtain homogenaseralized film in order to be able to
continue coatings and mineralizations on top ofarafized layers. Without a good quality film
and appropriate mineralization conditions, the prapon of homogenous NC-OH films and a

layered nacre mimic is not feasible.
S3-3 Mineralization of NC-COOH in presence of Mg**

While the thickness of the mineralized NC-COOH fitan be controlled (Fig. S16), in a similar

manner as for the NC-OH films (see main manusgrip generation of an ACC-based multi-



layered nacre mimic was not feasible in this cdse, to appearance of cracks in the composite
already after the second mineralization and thetinéun on, leading to a peeling off of the layers
away from the substrate (Fig. S17). This may be thuevater loss from the ACC and
nanocellulose upon drying of the films, which magult in shrinkage of the films, or detaching
of the NC-COOH inter-layer when exposing it to bBasic mineralization solution. However, the
change in wettability demonstrates that the loadilim of mineralization via PILP can be
controlled by the addition of Mg for distinct surface functionalizations also irethase of

nanocellulose, which is an invaluable tool for coling mineralization sites.



S Figures

1,000 nm

Figure S1: TEM micrographs of (a) NC-OH; (b) NC-CB(Qc) BNC-SQH. Note that (b, c) are taken
from Usov et al”! where the same types of NCs were investigated viitith and length of the NC-OH
fibers are ca. 50-100 nm and 2-10 pum, respectivglg. NC-COOH crystals are ~3-30 nm in length, and
~0.1-1 um in width. The width and length of BNC-B{Care ~10-50 nm and 1-5 um, respectively.
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Fig. S2: Transmission FT-IR spectra of a) NC-OHN@-COOH, and c¢) BNC-Sgl films before and
after treatment with calcium chloride and ammorsanaicated.



Fig. S3: Comparison of different mineralizationditshs in the absence of Mg NC-OH films (a)
unmineralized (c, €) mineralized. NC-COOH films doimineralized (d, f) mineralized. Mineralization
condition: CaGt 10 mM and 100 pg/ml pAsp for 3 days.



Fig. S4: comparison of mineralization of NC-OH ¢gaand NC-COOH (b,d) films in the absence of'flg
Conditions: 5 mM of CaGJ 100 pug/ml of pAsp, and for 12 h.
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Fig. S5: ATR/FT-IR spectra of mineralized NC-OHhf# (solid spectra) and NC-COOH films (dashed

spectra), which were mineralized for 1, 2, and y&da the presence of 10 mM Ca@hd 100 pg/mi
poly(aspartic acid) as indicated. The asterisklfabibrations from the organics.
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Fig. S6: FIB cutting of NC-OH single layer filmsgpared from (a) 0.29 wt %, (b) 0.11 wt %, (c) 0.055
wt %, (d) 0.029 wt % dispersions (all scale bagar). The values given in the images represent an
average of the thickness measured at three patttie &fIB cut (left, middle, right), and were placdc
part of the cut where the thickness agreed withdkierage.



Fig. S7: SEM images of mineralized NC-OH films g from films with a thickness of (a, ¢) 750 nm
and (b, d) 2.5um. Mineralization conditions: 5 mM, and 100 pg/ml pAsp for 3 days.
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Fig. S8: a) The matrix summarizes the influencthefconcentration ratio of calcium to poly(aspartic
acid) versus the concentration of used NC-OH dgperfor film preparation (i.e., film thickness) tre
mineralization outcome. b) Exemplary SEM imagemoferalized films from 0.11 wt% NC-OH
dispersion and [C&pAsp] = 555; c) 1.01 wt% and [C#pAsp]=555; d) 0.11 wt% and [CépAsp]= 11
after one day; e) 0.11 wt% and [@aAsp]=11 after three days.



Fig. S9: FIB cut of NC-OH films prepared from anfilith a thickness of 750 nm mineralized in the
absence of M{. b) shows the morphology of mineralized films ihigh the platelets of calcite are very
well oriented.



Fig. S10: SEM cross-section view of the film coniag layers of NC-OH and NC-COOH after 8 times
mineralization (16 layers, 8 layers of mineraliz¢@-OH and 8 layers of unmineralized NC-COOH). a)
Overview. b) Zoom-in on the border between layeyZoom-in on one of the mineralized layers
infiltrated into the NC-OH films. Small platelet§ @alcite crystals can be seen from this section.
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Fig. S11: EDX and elemental mapping of the bio-rspnacre-like material after 16 mineralizatioa).
Mapping of calcium across the sample. b) Mappingasbon across the sample. ¢) Overlay of all
mappings in combination with secondary electrongenaf the area in which EDX was taken. d) EDX
spectrum of the related mapping. Inset in d shdwsetectron backscatter SEM image with a markea are
from which the spectrum was taken. The scale bard@Gum.
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Fig. S12: Confocal microscopy images of a bio-iregphinacre-like material with 25 layers: a) Surface
topography of the sample showing the minerals éogehe surface. b) A 2D image generated from a 3D
reconstruction of a z-stack showing the cross-sedaf the layered nanocellulose-mineral structure.
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Fig. S13: (a) SEM image of a section of a bio-insgpinacre-like material cut vertically with resptrt
the film surface. (b) TEM image of the section ahimeralized part. (c) Corresponding SAED of (k). (
Assignments of reflection spots in SAED, which esmt fairly well oriented rhombohedral calcite
crystals with a [-441] zone axis.



Fig. S14: SEM images of mineralized (a, c) NC-CO&td (b, d) NC-OH films. Mineralization
conditions: 5 mM CaGJ) 30 mM Md? and 100 pg/ml of poly aspartic acid for 1 day.
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Fig. S15: The SEM images of mineralized layers GFQH (a, c) and NC-COOH (b, d) after three days
minerlization in presence of 5 mM Cag@G@0 mM MgC} and 100 pg/ml poly aspartic acid. (e) EDX
elemental mapping of (c). (f) EDX elemental mappafigd).



Fig. S16: SEM images of FIB cuts of NC-COOH filnrepared from 0.54 wt % dispersions before
mineralization (a) and after mineralization (c &)das well as NC-COOH film prepared from 0.11 wt %
dispersions before mineralization (b) and aftereratization (d and f), all in presence of 5 mM CaCO
30 mM MgCh and 100 pg/ml poly aspartic acid for three daymgdes ¢ and d show the overview of
mineralized films with FIB cuts showing the complebverage of ACC patrticles on the surface.



Fig. S17: SEM images of mineralized NC-COOH wityeliss of unmineralized NC-OH in between, in the
presence of M{: a) first. b) second, and c) third mineralizatidhe fig. shows the development of
cracks in the mineralized film, which already exfier the second mineralization (all scale ba 1).



S5 Tables

Table S1: Solution compositions for mineralizatiofglifferent nanocellulose films.

Type of Film Solution content Solution content
single-layer: 10 mM CacC}, 50 pg/ml 5 mM CaC}, 50 pg/ml
NC-COOH pAsp pAsp, 30 mM MgCi
single-layer: 10 mM CacC4, 50 pg/ml 5 mM CaC}, 50 pg/ml
NC-OH pAsp pAsp, 30 mM MgCi




Table S2: Mechanical properties obtained from nashemtation measurements of nacre- like
materials with different numbers of layers in comg@n with nanoindentation valuestaéliotis
laevigata measured in this work, and values reportedHaliotis rufescensin the literature. Also
several examples of artificial nacre-like matertzdse been included from the literature.

sample Hardness, Reduced Plasticity Elastic Wear
H (MPa) Young’s index Recovery resistance
modulus, E UnfU UJU (H/E)
(GPa) pl/ Ytot el Ytot
90 layers (this | 222.5+23.6| 144+ 1.7 0.836 0.164 0.015
work)
25 layers (this | 199.5+£33.4| 9.7%+15 0.835 0.165 0.020
work)
Haliotis 3380+445 | 67.2+4.8 |4.05/7.43= |0.256 0.050
laevigata (this 0.743
work)
Haliotis 3400 £ 1100| 71.24 £ 13.09 N.A. N.A. N.A.
rufescens
Haliotis 400 (at ¢hax | 30 (at chax= | N.A. N.A. N.A.
rufescend ! =150 nm) | 150 nm)
Nacre-like
material based 97 £ 4.6 4.5 N.A. N.A. N.A.
on calcité’
Nacre-like
material based 1650+ 290 43.39 N.A. N.A. N.A.
on aragonité 3.21
Polyelectrolytel 6300 + 300 | 10.0+0.3 N.A. N.A. N.A.

multilayer
infiltrated with
Cacql®
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